1. Introduction {#sec1}
===============

SARS-CoV-2, first detected in China\'s Hubei province late in 2019, rapidly spread from its initial outbreak site to produce a pandemic ([@bib36]), and has to date been detected in more than 200 countries, where it has infected more than 1.9 million people and caused more than 116,000 deaths ([@bib20]). However, disease control efforts are hindered by multiple factors, including difficulty in rapidly producing the number diagnostic tests required for such efforts, the apparent limited diagnostic sensitivity of current tests, and the technical expertise required to obtain valid results with them. Large scale testing is essential, but estimates indicate that large numbers of mild, asymptomatic or pre-symptomatic COVID-19 cases are not detected by current testing efforts ([@bib17]). In the U.S., one estimate suggest that only 1.6% of COVID-19 cases have been detected ([@bib31]), while another study estimates that about 17.9% of individuals infected with SARS-CoV-2 are asymptomatic at their first positive test and may not develop symptoms for up to two weeks ([@bib24]). These are alarming statistics, since one estimate suggests that an infected individual may infect 5.6 additional people on average ([@bib28]), and that individuals with asymptomatic or pre-symptomatic SARS-CoV-2 infections may be as infectious as individuals who are symptomatic ([@bib1]; [@bib21]; [@bib22]; [@bib24]; [@bib37]). Ultra-sensitive, inexpensive and high-throughput testing methods are thus required for effective large-scale screening efforts required to allow identification, isolation, and contact tracing of individuals without apparent disease, to improve local containment and to inform regional disease control efforts. Due to limited testing capacity, most countries and regions have prioritized testing for symptomatic and at-risk individuals. However, most symptoms associated with COVID-19, such as fever and cough, are non-specific and do not distinguish COVID-19 cases from individuals with other respiratory infections ([@bib12]).

Nucleic acid tests employing RT-PCR, are the primary means employed to diagnose COVID-19 using respiratory samples ([@bib6]; [@bib29]). Reverse transcription and PCR amplification can be consolidated into a single reaction to allow one-step assays that provide rapid, reproducible and high-throughput results, and this approach is used by the US CDC in its one-step real-time RT-PCR SARS-CoV-2 assay ([@bib6]). Standard, quantitative real-time RT-PCR (RT-qPCR) assays require well-trained personnel and expensive laboratory instruments to obtain accurate and robust results, which can limit their practical application outside well-equipped facilities ([@bib2]; [@bib32]). A recently deployed isothermal assays for COVID-19 that uses the Abbott ID Now system requires less expensive equipment and less training, but also produces less definitive results. In this system, signals detected by 5 min and after 15 min indicate positive and negative results, respectively, but signals between these cut-offs are open to interpretation ([@bib30]). Reports also indicate that the positive agreement rate of this assay is only 73.9%--80.4% ([@bib14]; [@bib15]; [@bib27]). Thus, RT-qPCR assays are still the gold-standard for COVID-19 diagnosis.

Rapid and ultrasensitive COVID-19 diagnostic assays that are capable of high-throughput analyses and which do not require a high degree of technical expertise or sophisticated equipment are required to expand COVID-19 testing capacity. CRISPR-Cas/gRNA complexes have recently been used to sensitively detect nucleic acids, including in those derived from human pathogens ([@bib4], [@bib5]; [@bib7]; [@bib11]; [@bib13]; [@bib18], [@bib19]; [@bib23]; [@bib26]). For example, one group employed a CRISPR-Cas12a approach (DNA endonuclease-targeted CRISPR trans reporter; DETECTR) to distinguish clinical specimens containing human papillomavirus 16 (HPV16) and HPV18, correctly identifying of 25/25 and 23/25 samples, respectively ([@bib7]).

Isothermal amplification methods (e.g., recombinase polymerase amplification (RPA) and loop-mediated isothermal amplification (LAMP) ), that can provide analytical sensitivities similar to PCR without a thermocycler ([@bib8]; [@bib25]; [@bib35]) are being utilized in SARS-CoV-2 diagnostics currently under development ([@bib33]; [@bib35]). One recently published report, incorporated RT-LAMP with CRISPR-Cas12a to allow detection of SARS-CoV-2 in respiratory swab RNA extracts in a colorimetric lateral flow assay ([@bib3]). This assay was reported to rapidly and accurately detect SARS-CoV-2 positive samples, albeit with moderately reduced sensitivity when compare to qPCR assay performance in the same samples.

In this work, we describe a rapid and accurate RT-PCR CRISPR-Cas12a fluorescent reporter assay that demonstrates comparable diagnostic performance to a CDC-approved test performed in a state testing lab, without inconclusive or invalid results that were observed when the same samples were analyzed by qPCR in a clinical laboratory. Notably, this assay detected samples estimated to contain two copies of its RNA target, while the qPCR assay did not produce detectable target signal in samples containing less than five copies of its amplified DNA target.

2. Material and methods {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

The QIAamp DSP Viral RNA Mini Kit (\#61904) for RNA extraction was purchased from QIAGEN (Hilden, Germany). The SuperScript™ IV One-Step RT-PCR System (\#1235820), TaqPath™ 1-Step RT-qPCR Master Mix (4X) (\#A15299), nuclease-free water (\#4387936), and carrier RNA (\#4382878) work as negative control was purchased from Thermo Fisher Scientific Inc. (Waltham, USA). The TwistAmp® Basic kit (\#TABAS03KIT) for recombinase polymerase amplification (RPA) was purchased from TwistDx Limited (Maidenhead, UK). EnGen® Lba Cas12a (\#M0653T) and NEBuffer™ 2.1 (\#B7202S), ProtoScript® II Reverse Transcriptase (\#M0368S) were purchased from New England Biolabs (Ipswich, USA). Primers, gRNA, probes ([Table S1](#appsec1){ref-type="sec"}), including those for the 2019-nCoV CDC qPCR Probe Assay (CDC Emergency Use Authorization Kits, \#10006606), and the 2019-nCoV_N\_Positive Control (\#10006625), Hs_RPP30 Control (\#10006626), MERS-CoV Control (\#10006624), and SARS-CoV Control (\#10006623) were synthesized by Integrated DNA Technologies, Inc. (Coralville, USA).

2.2. Specimen collection and nucleic acid extraction {#sec2.2}
----------------------------------------------------

A total of 29 nasal swab specimens were collected based on clinical indications and current CDC guidance from Tulane Hospitals in New Orleans, LA from April 1 to April 10, 2020. Subsequently, 100 μL of RNA were extracted from equal volumes of clinical sample using the QIAamp DSP Viral RNA Mini Kit, and extracted RNA was stored at −80 °C until analysis.

2.3. Amplification of target fragments {#sec2.3}
--------------------------------------

For RT-PCR reactions, 5 μL isolated RNA sample was mixed with 15 μL of one-step RT-PCR mix containing 10 μL of 2× Platinum™ SuperFi™ RT-PCR Master Mix, 1 μL of forward primer (10 μM), 1 μL of reverse primer (10 μM), 0.2 μL of SuperScript™ IV RT Mix, and 2.8 μL of nuclease-free water. Samples were then incubated in a T100 thermocycler (Bio-Rad, California, USA) using a cDNA synthesis protocol (1 cycle at 55 °C for 10 min) immediately followed by a DNA amplification protocol (98 °C for 2 min; 35 cycles at 98 °C for 10 s, 60 °C for 10 s, and 72 °C for 15 s, followed by a final elongation step at 72 °C for 5 min). For RPA reactions, RPA pellets were resuspended in 29.5 μL of the supplied Rehydration Buffer, and 11.8 μL of this RPA solution, 0.5 μL of ProtoScript® II Reverse Transcriptase, 0.5 μL of forward primer (10 μM), 0.5 μL of reverse primer (10 μM), 0.2 μL of nuclease-free water, 2 μL of MgOAC solution (280 mM), and 5 μL of the isolated RNA sample were mixed and incubated at 42 °C for 20 min.

2.4. Optimization of the CRISPR-based fluorescent detection system (CRISPR-FDS) {#sec2.4}
-------------------------------------------------------------------------------

CRISPR-FDS reactions were performed as fellow: 20 μL of RT-PCR or RPA reaction product was transferred to a 96-well half-area plate and mixed with 10 μL of a CRISPR reaction mixture containing 3 μL of 10× NEBuffer™ 2.1, 3 μL of gRNA (300 nM), 1 μL of EnGen® Lba Cas12a (1 μM), 1.5 μL of fluorescent probe (10 μM), and 1.5 μL of nuclease-free water. After incubation at 37 °C for 20 min in the dark, fluorescence signal was detected using SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices, LLC., San Jose, USA).

For the Cas12a substrate-dependent kinetics study, assays were conducted with molar ratios of Cas12a/gRNA to fluorescent probe set at 1:5, 1:10, 1:15, 1:20, and 1:25. For the temperature-dependent kinetics study, reactions were performed using a 1:20 Cas12a/gRNA to fluorescent probe ratio and incubated at 27 °C, 37 °C, and 42 °C. For the target-dependent kinetics study, the system was conducted with reactions that were performed using a 1:20 Cas12a/gRNA to fluorescent probe ratio and 10^6^,10^7^, 10^8^, 10^9^ and 10^10^ copies of the target fragments.

2.5. Clinical sample analysis {#sec2.5}
-----------------------------

RT-qPCR was performed with the CDC 2019-Novel Coronavirus (2019-nCoV) Real Time RT-qPCR Diagnosis Panel. In these reactions, 5 μL of RNA sample was mixed with 1.5 μL of Combined Primer/Probe Mix, 5 μL of TaqPath™ 1-Step RT-qPCR Master Mix (4×), and 8.5 μL of nuclease-free water. RT-qPCR reactions were performed using a QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific Inc., Waltham, USA) using the reaction conditions specified for this assay. For CRISPR-FDS assays, samples were processed as described in Section [2.4](#sec2.4){ref-type="sec"}, using a 1:20 molar ratio of Cas12a/gRNA to fluorescent reporter, and analyzed after incubation at 37 °C for 20 min.

3. Results {#sec3}
==========

3.1. CRISPR-based Fluorescent Diagnosis System for COVID-19 (COVID-19 CRISPR-FDS) {#sec3.1}
---------------------------------------------------------------------------------

RT-qPCR is the most popular method employed for SARS-CoV-2 detection, but requires significant technical expertise, as well as equipment that is not available in all clinical laboratories. The COVID-19 CRISPR-FDS assay we describe uses a streamlined approach that does not require any special equipment beyond that found in most clinical and research laboratories. CRISPR-FDS employs three closely linked steps: RNA extraction, target amplification, and fluorescent signal detection ([Fig. 1](#fig1){ref-type="fig"} A). In CRISPR-FDS, one-step RT-PCR or RT-RPA methods are used to amplify target regions from viral RNA extracted from nasal swabs, and the resulting amplicons are transferred in their entirety to the gRNA/Cas12a-based CRISPR system for fluorescence detection. Recognition of the target amplicon by the gRNA/Cas12a complex, which is regulated by a target-specific synthetic gRNA, induces the gRNA/Cas12a complex to specifically cleaves the target amplicon and non-specifically cleave a reporter oligo modified with fluorescein and a quencher molecule at each terminus to produce a fluorescent signal. Notably, this method has a \~50 min sample to answer time, employs easily obtained reagents and equipment available in most clinical laboratories, can be readily automated to meet a demand for high-throughput testing, and has the potential for use in point-of-care settings if assay results are analyzed with a portable fluorescence reader.Fig. 1**A CRISPR-based Fluorescent Diagnosis System for COVID-19 (COVID-19 CRISPR-FDS)**. (A) Schematic illustration of a CRISPR-FDS assay for detection of SARS-CoV-2 RNA in clinical samples. (B) SARS-CoV-2 genome map of COVID-19 CRISPR-FDS target sequences, and (C) sites in ORF1ab gene and the N protein gene that are detected COVID-19 CRISPR-FDS. Normalized CRISPR-FDS photoluminescent (PL) signal from SARS-CoV-2 RNA positive (10^9^ copies/sample) and negative control (polyA carrier RNA) samples following (D) target amplification by RT-PCR or RPA, (E) by RT-PCR for each assay target, and (F) by RT-PCR for related beta coronavirus species (10^9^ copies/sample). Bar graph data represents the mean ± SD, of three experimental replicates.Fig. 1

3.2. Target mapping and primer design {#sec3.2}
-------------------------------------

Numerous assays have now been developed to detect SARS-CoV-2, most of which employ strategies to that amplify species-specific regions of the SARS-CoV-2 RNA genome, including sites in the viral nucleocapsid (N) and envelope (E) genes, and open reading frame 1 ab (ORF1ab). The assay developed by the Chinese CDC targets sites with ORF1ab and the N gene, while a test from the US CDC targets two sites within the N gene, and one developed by the World Health Organization targets a region within the E gene, each of which contains a potential CRISPR recognition site ([Fig. 1](#fig1){ref-type="fig"}B). To permit direct comparison of the results from our proposed CRISPR-FDS approach with those from an establish test in clinical use, we designed primers and gRNAs ([Table S1](#appsec1){ref-type="sec"}) to target the SARS-CoV-2 ORF1ab and N regions analyzed by the Chinese CDC assay ([Fig. 1](#fig1){ref-type="fig"}B). Bioinformatic analysis of these primers and gRNAs against common respiratory flora and other viral pathogens revealed that these sequences exhibited strong specificity for the SARS-CoV-2 genome ([Table S2](#appsec1){ref-type="sec"}). Sequence alignment of these SARS-CoV-2 target regions with corresponding sites in related beta coronaviruses that cause middle east respiratory syndrome (MERS-CoV), severe acute respiratory syndrome (SARS-CoV), and human coronaviruses (Human-CoV) OC43/HKU1/229E/NL63, detected differing amounts of sequence variation between these species ([Fig. 1](#fig1){ref-type="fig"}C). The target region within the N gene exhibited the greatest degree of variation in this analysis, with multiple nucleotide differences detected along the aligned sequences. More differences were detected between SARS-CoV-2 and MERS-CoV than SARS-CoV in this region, in agreement with their relative phylogenetic distance. However, SARS-CoV still exhibited two or more variations with each N gene primer, while differed at three of four positions of the gRNA protospacer adjacent motif (PAM) required for CAS12a cleavage activity. The SARS-CoV ORF1ab region differed from the matching gRNA at a single position outside its PAM, but both primer regions used to produce the target for this gRNA exhibited at least nucleotide variant, decreasing the likelihood for false positive SARS-CoV recognition events. Analysis of RT-PCR-amplified and RT-RPA-amplified ORF1ab target sequence from a SARS-CoV-2 RNA positive control sample demonstrated that both approaches produced strong signal relative to the background present in their matching negative control samples ([Fig. 1](#fig1){ref-type="fig"}D). This difference was observed for both assay targets ([Fig. 1](#fig1){ref-type="fig"}E), and signal detected with MERS-CoV and SARS-CoV samples did not differ from negative control signal ([Fig. 1](#fig1){ref-type="fig"}F).

3.3. COVID-19 CRISPR-FDS assay optimization {#sec3.3}
-------------------------------------------

Since CRISPR activity determines the sensitivity of this assay, we conducted systematic studies of its reaction kinetics to optimize assay performance. CRISPR-mediated photoluminescence (PL) signal progressively increased with input fluorescent reporter substrate concentration when CRISPR-FPR assays containing a constant amount of target RNA were incubated with increasing amounts of substrate ([Fig. 2](#fig2){ref-type="fig"} A). The signal-to-noise ratio increased with the ratio of reporter substrate to CRISPR/gRNA complex in this analysis, demonstrating the greatest signal-to-noise ratio at a 1:20 M ratio of Cas12a/gRNA to reporter and plateauing or modestly decreasing at a 1:25 ratio, the highest analyzed in this study. A potential decrease detected at the highest reporter concentration could be due to the background fluorescent signal of un-cleaved reporter. Given the benefits of high signal-to-noise ratio for assay sensitivity, we elected to use the 1:20 ratio for subsequent experiments. The final CRISPR-FDS signal intensity did not differ with temperature in assays incubated at 27 °C--42 °C, but incubation temperature significantly altered the rate of substrate conversion, with reaction completion times decreasing from 30 min at 27 °C, to 14 and 12 min at 37 °C and 42 °C, respectively ([Fig. 2](#fig2){ref-type="fig"}B). CRISPR-FDS reactions can thus be performed at ambient temperature, or at elevated temperature using isothermal water baths or heat blocks, without influencing the final assay outcome. Cas12a/gRNA complex cleavage activity is dependent upon the concentration of amplified target present during the final assay incubation period, so that substrate conversion rates vary with the target amplicon concentration during the assay readout. Significant CRISPR-FDS signal was observed within a 20 min readout period only in assays spiked with 10^8^ copies of the target amplicon, while complete substrate conversion was detected only in samples spiked with ≥10^9^ copies ([Fig. 2](#fig2){ref-type="fig"}C). The observed limit of detection (LOD) of 10^8^ amplicons per CRISPR-FDS readout sample implies this assay should be very tolerant of RT-RPA or RT-PCR pre-amplification efficiency, since single copy RNAs should be detected when amplification efficiencies are \>0.69 (See supplementary information). COVID-19 CRISPR-FDS assays performed with RT-PCR and RT-RPA amplified samples, detected samples spiked with ≥2 copies of the target RNA sequence, regardless of the method used in the pre-amplification step ([Fig. 3](#fig3){ref-type="fig"} A and B), in good agreement with our calculated estimate for its LOD. This result compared favorably with the LOD of the qPCR gold-standard method, which was 5 copies/test ([Fig. 3](#fig3){ref-type="fig"}C). Signals of complete CRISPR-FDS reactions were also found to be stable for ≤1 h at ambient temperature, reducing the need to read signal quickly when testing large sample batches.Fig. 2**COVID-19 CRISPR-FDS assay optimization.** (A) Substrate-dependent, (B) temperature-dependent, and (C) target-dependent effects on CRISPR-FDS signal. An aliquot containing 10^9^ target amplicon copies, or an equivalent amount of poly A carrier RNA were analyzed as positive (+) and negative (−) control samples, respectively. Data presented in the top rows of each panel and the bottom row of (C) are normalized to the highest signal intensity detected in the corresponding experiment. Bar graph data represents the mean ± SD, of three experimental replicates. (ns, P \> 0.05; \*\*\*\*,P \< 0.0001).Fig. 2Fig. 3**COVID-19 CRISPR-FDS analytical and diagnostic performance**. Limit of detection (LOD) samples containing the indicated number of viral genomes after amplification by (A) RT-PCR and (B) RT-RPA for COVID-19 CRISPR-FDS analysis or by (C) RT-qPCR, indicated significant differences and undetermined (UD) results. (D) RT-PCR COVID-19 CRISPR-FDS results for a cohort of 29 individuals with suspected COVID-19 cases, run in parallel with blank (BC; nuclease free water), negative (NC; carrier RNA) and positive (PC; 10^9^ target amplicon copies) control samples, where the dashed line indicates the threshold for a positive result. Results depict the mean ± SD of three experimental replicates. (E) Comparison of SARS-CoV-2 test results for matching patient samples analyzed by CRISPR-FDS, or by RT-qPCR by a state (qPCR 1) and a clinical testing laboratory (qPCR 2). (ns, P \> 0.05; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*,P \< 0.0001).Fig. 3

3.4. COVID-19 CRISPR-FDS diagnostic performance {#sec3.4}
-----------------------------------------------

For the analysis of clinical samples, a COVID-19 CRISPR-FDS assay result was considered positive if it was equal or greater than a cut-off threshold equal to the mean signal of the negative control samples plus three times its standard deviation ([@bib16]). Using this criterion, 19 of 29 nasal swab samples were found to be SARS-CoV-2 positive ([Fig. 3](#fig3){ref-type="fig"}D). These results demonstrated good overall agreement with valid and conclusive test results generated by state and hospital laboratories using a CDC-authorized qPCR method ([Fig. 3](#fig3){ref-type="fig"}E). These patients were diagnosed based on the results from the state testing laboratory (qPCR 1), considering the poor quality of the hospital laboratories results. CRISPR-FDS exhibited complete concordance with the positive results obtained by the state testing laboratory (100% sensitivity), but detected SARS-CoV-2 signal in three samples (1, 5 and 6) that were judged to be negative by the state testing laboratory (71.4% specificity). In the absence of serology data or other information, it is not clear if these three samples represent false positive CRISPR-FDS assay results, or if they represent positive samples that were missed by the RT-qPCR method. Notably, 10 of the samples analyzed by the hospital produced invalid results and two others had inconclusive results, which compared poorly with the result rate from the state laboratory, and suggest the difficulty of introducing this assay in a hospital setting, particularly during an emerging epidemic.

4. Discussion {#sec4}
=============

Although RT-qPCR is the most widely used diagnostic method for COVID-19, its sensitivity has not proven satisfactory, resulting in a relatively high number of false-negative results, so that a substantial number of infected individuals do not receive proper diagnoses and treatment. In a study of more than 1000 patients, 75% of COVID-19 suspects had negative RT-qPCR test results but positive chest computerized tomograph results, and 48% of these patients were considered highly likely to have had COVID-19, with an additional 33% considered probable cases ([@bib1]). Notably, we observed a high frequency of invalid or inconclusive test results from samples analyzed in a clinical laboratory, all of which gave valid results when analyzed by RT-PCR in the state testing laboratory or by our CRISPR-FDS assay.

CRISPR applications are popular in detection assays due to the ability of Cas13 ([@bib10]) and Cas12a ([@bib7]), respectively, to bind RNA or DNA targets specified by an input gRNA sequence to induce probe cleavage and thereby amplify the detection signal from nucleic acid amplification assays. Various isothermal amplification methods, such as RPA and LAMP, have been reported for the detection of COVID-19 ([@bib9]; [@bib23]; [@bib34]), but many problems were identified upon detailed analysis of these methods, including low sensitivity and low throughput. Our attempt to replicate results from one of the LAMP studies found that the described N gene and E gene LAMP reactions exhibited strong non-specific amplification, and that it was not possible to distinguish between positive and negative samples, even after titrating the amount input template or varying the reaction time or temperature ([Fig. S1](#appsec1){ref-type="sec"}). We therefore did not pursue RT-LAMP as a potential means for template amplification in our CRISPR-FDS assay. Further, while we found that RPA worked well, we did not employ it in our final assay, since the necessary reagents are currently available from a single company, limiting its potential for immediate widespread application.

Many CRISPR protocols use paper strips to detect the signal output. This is a good solution for single sample testing since it does not require any equipment to read the results, but its LOD is much lower than fluorescence-based detection methods ([Table S3](#appsec1){ref-type="sec"}). Our CRISPR-FDS assay can be readily performed in 96-well microtiter plates and read with fluorescent plate readers found in most well-equipped clinical laboratories to allow sensitive and high-throughput SARS-CoV-2 detection. Finally, our results indicate that our CRISPR-FDS asssay demonstrates results comparable to those obtained with a CDC-approved RT-qPCR assay in a state testing lab, but produced more valid results than were obtained when the same RT-qPCR assay was employed in a clinical setting. Notably, CRISPR-FDS produced positive results for a fraction of the samples that produced negative results with the RT-qPCR assay, although it was not possible to determine if these results represented false positive CRISPR-FDS results or false negative RT-qPCR results due to the lack of associated follow up data. CRISPR-FDS thus produces sensitive and robust results using readily available equipment and streamlined, high-throughput workflow suitable for use in clinical laboratories, and potentially applicable to point of care settings with the appropriate equipment. One potential drawback to our CRISPR-FDS approach is that it is designed to provide clear positive or negative results, not to quantify viral load, as can be determined by RT-qPCR assays using real-time PCR systems. We do not see this as a major drawback given the clear need for rapid, sensitive, and robust assays to diagnose COVID-19.

5. Conclusions {#sec5}
==============

RT-PCR or RT-RPA-based CRISPR-FDS assays provide a sensitive and robust means for high-throughput COVID-19 diagnosis suitable for use in clinical laboratories, and exhibit the potential to enable reliable COVID-19 diagnosis at remote testing sites with minimal equipment, to improve large scale diagnosis efforts required to reduce the SARS-CoV-2 transmission and COVID-19 disease. However, further efforts need to be made to overcome the current bottleneck in point of care testing to permit self-testing or increase the testing capacity of small clinics that lack the resources to perform current assays. We are currently investigating the potential to integrate the RT-RPA-based CRISPR-FDS onto a microfluidic chip that can be read by a smart phone in attempt to meet this need.
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